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SYNOPSIS 	- 
The work presented in this thesiS cQnstLtutes an investigation 
into the behaviour of roiled steel I-section joists under reversed 
bending in the inelastic range of straining. 
The investigation includes three phases:- 
the general behaviour of these joists wider the different 
test conditions of deformation ranges and cyclic frequencies. The 
constant deformation ranges and frequencies chosen were such that 
failure would occur within the low endurance region (i.e. Nf lOcycies). 
the study of the frequncy effect on fatigue life of the 
specimen subjected to different strain ranges. 
The cyclic frequencies of 1 C.P.S. and 0.1 C.P.S. were used. 
the study of the material effect on fatigue life. For 
thistwo types of mild steel of different carbon contents were tested. 
In the course of the investigation, the problem of buckling was 
met. Stiffening plates were introduced and gave a satisfactory 
solution. 
The investigation showed that there was a definite frequncy 
eféct on fatigue 1ife with life decreasing at the lower frequency. 
It also revealed that fatigue life increased with increase in carbon 
content. 
A linear relatón of the fOrm 
np  .N , was found betweeen the f 
plastiO strain rarige and fat±gué life on log-log basis. 
Some Of the basic aápedtá of fatigue undei' reversed bending 
are discussed. A survey of the predictive methods for fatigue 
- life! 
(iv) 
life is outlitied. 
Using these pre&ictive methods and tensile test results, 
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Fatigue is defined as the failure of materials caused by the 
application of a cyclically applied stress. The magnitude of this 
cyclic stress for fracture is below the static strength of that 
material. 
The main objective in many fatigue investigations in the past has 
been to determine the fatigue limits and corresponding S-N curves for 
various materials. In recent years, however, there has been an 
increasing interest in the fatigue behaviour of structures at high 
levels of stress • Such studies of fatigue are usually referred to 
as "]w cycle fatigue". 
1,2 HISTORICAL BVIFW 
Only since the industrial revolution and particularly the start 
of the railway age, have people (engineers) been confronted with the 
problem of fatigue failure. 
The fact that metals might fracture at a load less than their 
ultimate strength was first realised towards the middle of the nineteenth 
century. 
In 1819 it was realised by early investigators (1) that failures 
were due either to a reduction in the ultimate strength of the material 
over a period of tine, or to the effect of the repetitions of stresses. 
&periments were undertaken to decide which of these was the true cause. 
It was found that whereas members loaded almost to their ultimate 
value of stress withstood this load over a long period without any sign 
of!, 
2. 
of reductions in strength, a repeated deflection to only half that 
required to cause static collapse resulted in failure after a few 
thousand cycles. 
In 186l4, FAflBAfltN (2) described a fatigue test he had undertaken 
on a built-up girder, which had fractured under a repeated load equal 
to 40 of the breaking load. 
The first comprehensive investigations of the fatigue of metals 
was pursued by WOHLER (3) between 1858 and 1870. He designed testing 
machines for carrying out fatigue tests under various stress conditions. 
His rotating bending machines £oriii the basis of design for the most 
widely used type of fatigue machines now in operation. From his 
experiments on wrought iron and steel, he shcwd that there was a 
limiting range of stress below which fatigue failure would not occur. 
rthermore, he investigated the effects on fatigue strength of a 
superimposed static load and of stress concentrations. 
The first attempt to relate fatigue life with the occurance of 
plastic deformation was made by BAUCHINGER (li) in 1886. He found that 
the limits ofproportionality measured in static tension and compression 
could be changed by the application of a fluctuating stress, but they 
reached stable values after a few reversals of stress • He regarded 
the stable values as the elastic limits of the materials • He also 
suggested that these corresponded with the limiting fatigue range. 
Until almost the end of the nineteenth century, there was little 
knowledge about the microstructure of metals and the most generally 
accepted explanation of fatigue was that the fibrous texture of metals 
gradually changed to a crystrl 11 ne structure • The first microscopic 
observations of deformation caused by fluctuating stresses were made 
by! 
3.. 
by WING and HUMFREY (5) in 1900. This represented a big step towards 
an understanding of fatigue behaviour. As a result of their 
rotating bending fatigue tests, they found that, on exceeding the 
limit of proportionality, the metal deformed by slip4bning on 
certain planes within the crystals. After a few reversals of stress, 
the appearance of the surface was similar to that observed after static 
stressing. Slip lines occurred on only a few of the crystals at a 
comparatively low stress range and appeared in more crystals as the 
stress range was increased. After more reversals of stress, 
additional slip lines appeared, but the most outstanding feature was 
that the original slip lines became more distinct and showed a 
tendency to broaden. After many reversals, they changed into 
comparatively wide bands. 
Following this demonstration that fatigue cracking was associated 
with slip, a number of theories of fatigue were put forward. 
EWING and HrJMiREY (5) considered that repeated slipping occurred 
on a slip band and a process similar to solid friction resulted in 
the wearing away of the slipped surface by attrition, leading to a 
broadening of the slip band and eventually the formation of a crack. 
in alternative explanation of the mechanism of fatigue failure 
was put forward by GOUGH and RP1NSON in 1923(6). 	They considered 
that the repeated plastic deformation occurring during cyclic 
stressing gradually decreased owing to work cr strain-hardening. 
1.3 RECENT INVESTIGATIONS 
To explain the mechanism further, a comprehensive series of 
experiments was undertaken on pure metals and the results of this work 
were summarised by GOUGH (j) in 1933 • The ductile crystals tested 
were! 
'i. 
were aluminiwn, copper, silver and iron. 
In these metals plastic deformation under repeated stresses 
occurred by slip along the same crystallographic planes and directions 
as under static stresses and fatigue cracks propogated from regions 
of heavy slip. 
Regardi..ng the low cycle fatigue, an increasing amount of in.forzna-
tion has been published. Among these were investigations carried out 
by BENHAM (8 ). In 1912 KOMMERS ( ) concluded from a series of 
cyclic bending tests that the magnitude of the cyclic deflection was 
an important factor in low cycle fatigue studies. 
In 1954, COFFIN (10) has developed the modern types of fatigue 
tests involving controlled cyclic strain. His choice of a fatigue 
test using a constant strain range was illustrated by the extensive 
results that he subsequently obtained from fatigue tests. Support 
for COFFIN'S choice of a constant strain test was evident in the work 
by MANSON () and by TtJLOR and MORROW (.12). Their investigations 
were performed on the same type of fatigue sample. COFFIN (La) 
experimentally determined that the life of a fatigue sample subjected 
to a constant plastic strain range is a function of the inverse of 
that strain range. MANSON (u) Observed a similar relationship to 
COFFIN'S for high strength steels. Most of the investigators who 
have used the axially stressed fatigue sample with the strain range 
controlled by a diameter gauge have measured the true stress during 
the application of repetitive stress cycles at a constant strain 
range. In general, these investigators found that cold-worked 
metals softened with successively applied cycles at a constant strain. 
They also found that annealed metals cyclically hardened. 
Constant! 
5. 
Constant strain cycling was introduced in low endurance fatigue 
experiments as a means of avoiding the difficulty of stress control 
which arises in constant load cycling tests where large amounts of 
plastic eforinatión oebuib Under constant strain cycling conditions, 
LOW (13) in 1956 carried out bending fatigue tests on several metals, 
including mild steel and found that a linear relation between log 
(total strain range) and log (cyoles to failure) was obtained over 
- most of the range below iO cycles with the results lying within a 
narrow scatter band. 
In the proceedings of the 1956 international conference on fatigue 
of metals, Forrest (11) presented the cyclic stress-strain curves for 
several steels, aluminium alloys and copper at different test 
temperatures. The curves were determined by multiple step cyclic 
stressing. Plots of strain versus cycles are shown which illustrate 
cyclic hardening (a decrease in cyclic strain) and cyclic softening 
(an increase in cyclic strain). Reasonably stable hysteresis loopes 
were found to extst during most of the fatigue life, 
Royles (15) has studied the behaviour of mild steel models in the 
low endurance range under cyclic bending. He used the findings of his 
investigation in predicting the behaviour of the struotural components 
of the same material. One of the conclusions he arrived at was that 
the behaviour of a structural component can be predicted using a cyclic 
peak moment - curvature relation of the material. 
Among the recent investigators is Forsyth (36) who has contributed 
to the fatigue studies and in particular the high range of life. 
As far as structural components are concerned, there was little to 
be traced regarding their fatigue behaviour, since most of the studies 
carried! 
6.. 
carried out were on small speciens. In 1954, Laza±d () carried 
out tests on simple I - beams. 	Those tests were performed on 
simply supported rolled steel beams and welded plate girders. Their 
spans were two metres and with two point loading over the central 
metre. His results were inconclusive. 
LLL OBJECT ID SCOPE OF THE PRESENT WORK 
The object of the presentAis  to investigate the general fatigue 
behaviour of mild steel joists of practical section under reversed 
bending and at constant strain ranges and to study:- 
the effect of frequency on fatig.ie Je under constant strain 
ranges of different magnitudes. 
the effect of chemical composition on fatigue life 
with reference to carbon content. 
Due to the better control over the strain range rather than the 
stress range, the type of cycling chosen for this work was that of 
controlled symetrical deformation in reversed bending. The deformations 
employed were such that they were to cause alternating yield and bring 
about failure within the low range of fatigue life (i.e. lO cycles). 
In all tests ,he structure used was mild steel joist. loaded at 
four points as a 	simple beam with'pinned supports and such that the 
central ]!IO"we 	uniform bending moment, 
1.5 PROGRANME OF RESEARCH 
In Chapter II a general survey of the basic aspects of fatigue is 
outlined together with the analytical approach for the prediction of 
the fatigue life, 
In' 
7 . 
In Chapter III thd apparatus used is described and the test 
procedure adopted in this investigation is explained. 
In Chapter IV the experimental phse, including the experimental 
fatigue results and their comparison with those found from predictive 
methods, is recorded. 
In Chapter V the results arc discuasea and.conclusions drawn. 
Recozmndationz regardihg further area of investigation are outlined. 
CHAPTER II• 
THEORZICAL 
FATIGUE BEHAVIOUR IN REVERSED BEHDING 
2.1 SOME BASIC ASPECTS 
2.1.1 Effects of Cyclic Loading 
The most inortant factor in determining the fatigue lifeline 
is the magnitude of the external stress or strain amplitude. 
RLg. 2.1 shows the usual shapes of fatigue curves as a function of 
each of these parameters. These curves differ in appearance in the 
low cycle region corresponding to amplitude' well into the plastic 
range in which a small increment in d'ess leala to a large increment 
in strain. 
The equation of the steeply sloping part of the curve of fig. 
2.1 (a) can be expressed as:- 
cN = constant, where a varies from 8 to 15. 
Thus a 2% reduction in stress can result in a 30% increase in life, 
underlining the importance of the stress amplitude in fatigue. 
Beyond 106  cycles, the curves in fig. 2.1 may become parallel 
with the 1ife axis for some materials, notably ferrous ones, in which 
case the material is said to have a fatigue limit. This limit is 
considered to be the result of strainagaing during cyclic loading. 
Fatigue results can also be influenced by the cyclic frequency of 
testing. In the usual range of testing frequencies i.e. below 200 HZ, 
the fatigue limit is not greatly affected.. It can be expected that 
for stresses well into the plastic range, the effect of cyclic 
frequency on fatigue life is more pronounced. 
The! 
9. V 
The3- N andE - N curves of fig. 2.1 can be sub-
divided into three regions, H, F and S as indicated. In a 
high staôking fàült ehergy material such as aluminium, tested 
within the s region (N io8 cycles), only fine slip is observed 
and fatigue failures do not occur. In the F region (N between 
10 and 108 cycles), large plastic deformation results in 
surface folding and cracking. Sub-structures will be formed. 
2.1.2 Qycle - Dependent Hardening and Softening 
Either hardening or softening can occur under cyclic 
conditions depending on the initial state of the material and 
the test conditions. 
For each material, there is a range of potential strength 
or hardness which can be achieved by cold working or heat 
treatment 0 If a material is initially On the low margin of 
its hardness range, it will cyclically harden. If it is 
initially on the high margin, it will cyclically soften. A 
state will be reached representing a stable condition for the 
particular pure metal or alloy under the condition of cycling. 
The initial cyclic rate of change in properties is greatly 
influenced by the cyclic strain range, but rapidly diminishes 
with repeated cycling. The major changes occur in the first 
few percent of the fatigue life. As long as the control 
conditions are not altered, the material quickly adjusts to a 
stable condition. This is reflected by a constant terminal 
hardness and a stable mechanical hysteresis loop. By connecting 
the tips of the stable loops from several tests at different 




For metals 'which cyclically harden, the cyclic stress-strain 
curve will be above the monotonic stress-strain curve. For metals 
which cyclically soften, the cyclic stress-strain curve will be below 
the monotcn.ic curve. 
A typical cyclic stress-strain curve is shown in fig. 2.2 • The 
values of stress and strain used in this figure were taken at half the 
fatigue life. 
The amplitude of the plastic deformation is an important factor 
in determining the fatigue life. At very large amplitudes hardening 
always occurs; this increases progressively with increasing strain 
until fracture takes placer At smaller amplitudes, hardening is less 
and tends to a limiting value before fracture. In this cyclic state 
a stable hysteresis loop is developed within a few percent of the total 
life at low amplitudes. Fig. 23 shows how the loop shape during the 
first loading cycle compares to that at a later cycle when a saturation 
level of hardening is attained. 
As indicated in fig. 2.2 9 the curve drawn through the saturation 
stress for each plastic strain amplitude describes a cyclic stress 
plastic strain curve, 
2.1.3 The Mechanism of Fatigue Failure 
(i) General 
In materials fatigued at low stress amplitudes, the crack 
initiation process begins when saturation of hardening is reached. 
Except for materials which already contain cracks or their 
equivalent e • g • large inclusions, crack initiation is always at the 




Fatigxe. cracks aoparently will be initiated whenever there 
is sufficient/ shear stress at 	jtfte surface. At high 
amplitudes, this can easily occur at many places on the surface 
either at or before saturation. At low amplitudes,, slip 
continues in only a few localised regions after saturation and 
crack initiation depends on this. At very low amplitudes, slip' 
bands will form and small cracks may even initiate, but propQgation 
will not occur, 
Crack Propagation 
Crack propagation in ductile materials occurs in two stages. 
In stage 1, the plane of micro-propagation is that of maximum shear. 
In stage II the plane of propagation is perpendicular to the 
maximum tensile stress • The fracture surface is marked by 
striations which represent the curves at which the crack front 
stopped advancing during each cycle. Fig. 2.4 shows the two 
stages. 
At high amplitudes, fatigue fracture occurs mostly by stage 
II propagation at rates of microns per cycle. At low amplitudes, 
stage I propagation, together with the initiation of the crack, 
occupy 90% of the life, but only a small fraction of the fracture 
surface. 
2.1,4 Definition of Nain Parameters 
Fatigue Ductility Co-efficient 
The plastic strain intercept at one half cycle (one reversal) 
obtained from the log-log plot of fatigue life versus the stable 
plastic strain amplitude. 
Fatigue! 
12. 
Fatigue Ductility Exponent 
The slope of the line relating fatigue life and plastic strain 
amplitude on log-log 1plot. 
Fatigue Strength Co-efficient 
.-. / 
The intercept at one reversal obtained from the log-log plot of 
stress amplitude versus life. 
Fatigue Strength Exponent, b:- 
The slope of the line relating the fatigue life and the stress 
amplitude on log-log plot. 
rcic Strain Hardening 	onent' 
The slope of the stress amplitude versus the plastic strain 
amplitude plot for a number of specimens at different strain ranges. 
Fatigue Limit, 
The stress below which failure will not occur, no matter how 
many cycles are applied. The life line will have a knee and become 
nearly horizontal at from 106 to 107 cycles depending on the metal and 
the test conditions, 
2.2 EMPIRICAL MErHODS FOR PREDICTION OF FATIGUE LIFE. 
2.2.1 General 
The finding that the fatigue life in the low cycle range is related 
to the maguitude of the plastic strain range has given rise to a number 
of relations for predicting fatigue behaviour at longer lives. 
The linear relationship between stress range and total strain range 
will be enough in many applications involving cyclic straining. The 
total strain range is composed of two coxronents plastic strain range 
and elastic strain range. Each of these strain coiionents can be 
expressed! 
13. 
expressed in terms of fatigue life. By plotting the stress range 
at the asymptctic coxidition against the total strain range, a curve 
such as shown in fig. 2. is obtained. As seen from fig. 2.6, the 
plastic strain range can be determined by subtracting the elastic 
strain range from the total strain range. 
2.2.2 Review 
For ductile materials 	it is now widely accepted that 
fatigue life is inversely proportional to approximately the square of 
the plastic strain range ( 18., 19 ) 	and plastic strain range is 
used to interpret tests and to establish design equations (20). 
However, a number of measurements and analytical difficulties arise in 
attempting to use the plastic strain range as a damage criterion for 
low ductility materials0 For example, i'Iehringer and Felgar (21) 
by investigating the thermal fatigue resistance of-cast nickel alloys 
found that the plastic strain, even for relatively short lives was too 
small to be measured or calculated in relation to cyclic life. 
Apart from the measurement problems when the plastic strain is 
such a small fraction of the total strain, there is the design problem 
of calculating the plastic strain range at a known cyclic condition. 
A reasonable estimate of the total strain range can usually be obtained 
from strain gauge measurements or from a determination of stresses which 
are then converted to equivalent total strains through the elastic 
constants. Thus the measurement or calculation needed is for the 
total strain range, 	, while the fatigue life information is in terms 
of the plastic strain range, L 6P , since 
2 & = 	- 	= 	- 	, the magnitude of the 
corresponding! 
]j. 
corresponding stress range, 2 C, is required before the plastic 
strain range can be determined, necessitating a stress-strain curve, 
which represents the material in the cyclic state. The use of the 
inonotonic stress-strain curve for the cyclic stress-strain atLrve is 
only approximate since the two curves are usually different (12). 
When 	is large conared to c' 	,a constant value for 	can 
be assumed allowing£Fto be found approximately from above equation, 
thus avoiding the need for a cyclic stress-strain curve. Coffin (22) 
once proposed that the elastic strain range, A , be taken as twice 
the static yield point strain. Bat afterwards Tavernefli and Coffin (2) 
have proposed a design equation which uses the endurance limit strain 
range as a constant 	. This is then added to A. C and the resulting 
expression for A C=, when multiplied by the elastic modulus, gives a 
stress-life relationship. The nominal stress normally obtained by 
experimental or elastic stress analysis is then substituted into this 
equation to predict life. 
Nanson (23 ) suggested an alternative method which establishes two 
functions for life from fatigue data - one in terms of A sand the other 
in terms of 4A ç. The total strainlife relation is obtained by 
adding the two expressions. 
Benham (21i.) has established another fundamental relation for a 
metal fatigued in the low range. This relation is between total 
energy to failure and the number of cycles to failure. This has been 
expressed as:- 





plastic strain range 
elastic strain range 






= fatigue strength coefficient 
c = fatigue ductility exponent. 
b = fatigue strength exponent. 
= stress amplitude 
stress range = 2 Oa 
E = modulus of elasticity 
Nf = number of cycles to failure or 
fatigue life 
I. 
n = cyclic strain hardening. 
exponent = bAl 
= endurance lii'nit e 
= plastic strain energy per cycle. 
= plastic strain energy to fracture in a 
monotonic tension test. 
2.2J4 Fatigue life in terms of strains 
A plot on logarithmic co-ordinate of the plastic-strain range 
versus the number of cycles to failure will come out as a nearly straight 
line. 




	 2.2.4 (1) 
2Ef 





2 6f is plastic strain range intercept at one reversal (2N f = 1). 
According to Coffin's suggestion c= - for all materials. 
-2 
.'. 2 Nf =f"1p" 	..................... 2.2.4 (ii) 
'L2 f 'F 
1 
or 	2E..(2 Nf ) 	................. 2o2.4 (iii) 




f t 2.2.1 
) 	
•................, 	(iv). 
2 f /E 
where b is the s1oe and is - Ve 
2 (51  f/E is the elastic strain range intercept at one reversal 
(2Nf =1). 
= 	2cr' 	(2 Nf)b ................. 2.2.4 (v). 
E 
but= 
Substituting for A Ee and j. 	from equations 2.2.11 (iii) and 
2.2.11 (v). 
.. 	2f (2Nf)C + 2T' (2 Nf) •' 2.2.11 (vii). 
2.2.5 Fatigue Life in Terms of Stress 
Since stress is proportional to strain, equation 2.2.4 (iv) can be 
written as, 
(cra 1/b .................•'... 29295 (i). 
or 	= 	(2 N)b .................... 2.2.5 (ii). 
The plot of equation 2.2.5 (ii) gives a straight line as shown 
in fig. 24. 
2 • 2.6/ 
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2.2.6 The Cyclic Stress-Strain Relation 
cyclic life and 
From the previous relatiohs between"stiess and strain, a relation 
between stress and strain dan be obtained by eliminating life between 
equations 2.2.4 (i) and 212.5 W. 
Equating the two equations giving the cyclic life, 
1/c 	 1/b 
 
f 	L.. 	j 	- 	 g 	a 	o..,.*...sQoO....,,.S. 	22 • 	1 
? f '/  
and solving for the plastic strain ainplitud, 
- 	 c/b  
f 	
) 	
.... 2.2.6 (ii) Cr 
By adding the elastic strain amplitude to the plastic strain 




.. 2.2.6 (in) 
2 	2 	2- 	E 	f 	O f t 
In the low cycle range of fatigue life (i.e. at high strain 
amplitudes), the elastic strain component is negligible compared 
with the plastic strain component, and so the relation between the 
total strain range and the stress amplitude can be approximated as 










Fatigue limit is defined as the stress below which failire will not 
take place, regardless of how many cycles are applied. 
Equation 2.2.4 () (page 16 ) shows that life increases linear:Ly 
with decrease in elastic strain on a logarithmic scale. Thus for any 
elastic strain, resulting from an applied stress, fatigue ljfe can be 
predicted using this equation. Nany materials posses a fatigue limit. 
In order to aflow for the possibility of a fatigue limit, the 
following relations between the strain and cyclic life can be obtained, 
Assuming that the assyiitotic stress range - strain range coincides 
with the elastic limit up to a critical stress range, thus iiilying that 
until this stress range is reached, no plastic flow will ocQur, 
Since according to equation 2 • 2 .I. (%v), finite life occurs only if 
plastic flow develops, the life will be in.finite if the stress range is 
kept below this critical level. The stress axilitude then is the 
fatigue limit 0 and the stress range is 2 
 Of- 
For stress range above 211f- , plastic flow occurs and the life becomes 
governed by the plastic flow and is a finite life. 
2 Derivation of Relation 
Assuming that a power law exists between the plastic flow and the 
stress range causing it, of the form:- 
£2 =A(2T)d 
p 	 £ 
AC 2c5 + (Aép) 
2.2.7.2 (i) 
29297.2 (ii) 





. (2 Nf ) ........... 2.2.7.2 (iii) 
Dividing/ 
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id.ing thrugh by E, the relátioh in terms of strains is 
obtained. 
C/d 
= 	= 2O + 1 
B B A 	
(2 Nf ) 	.... 2.2.7.2 (iv) 
which is similar to equation 2.2.4 (v) (page6 ), but only containing 
a fatigue limit term. However, the difference between the values of 
the strain ranges obtained from the two equations is very small. 
F4uation 2e24(iv)  is quite suitable for representing the data in' 
the low-cycle range (for most materials up to 10 6  cycles). For lives 
higher than 106  cycles, equation 2 . 2 .1*- ) 	gives a more accurate 
relation. 
2.2.8 Relation Based on Plastic Strain 1seresis Eiergy 
The total plastic strain hysteresis energy is the sum, over the 
cyclic life, NfI of all the hysteresis energy dissipated. 
Since the hysteresis energy per cycle,6W 
p 
 , is nearly constant for 
the majority of the life, 
= AW N = AW(2 Nf )12 ........................ 2.2.8 (i) 
Assuming that a power function relates the stress and strain in the 
cyclic state, the plastic strain energy per cycle is, 
Aw = (_ 	-)cA 	...:.................... 2.2.8 (ii) 
w =(i 
)- 	..(2 N)12 	......... 292.8 (iii) p \l+ 
Both Oand 	decrease with increasing number of reversals to 
failure approximately to the power functions. 
2 6. (2 Nf )b 
	
•• • 	.. .... .. . . .. . .. .. .. . . 2 • 2 • 8 (iv) 




Hence substituting for CThnI 	in equation 2.2.8 (iii) 
W =2 (1-n') 
p 	(1 + n') 	f 	
)1 + + 	 2.2.8 (vi) ......... 
1W reaches a stable, atead7 zt&ta value within the first 20 of 
the fatigue life for most materials. 
b & c are negative numbers and n' = b/c. 
The plastic strain energy to fracture in a monotonic tension test, 
U, is the -J under the true stress-true strain curve. 
If a power function relating the true stress to the plastic true 
strain is obeyed all the way to fracture, 
U =6ff 
+ 	.......................... 2.2.8 (vii) 
Hence equation 2.2.5(vi) can be written as:- 
= A 	 •..oO......O.oI..s.,..O... 2.2.8 (viii) 
Where A = 2(1 - n') Ci + 
I + n' 
a = 1 + b + c, 
Of the four exponents, n', a, b and c, only two are independent. 
Since n' = b/c. 
b 	I1= (a - l) 1 + n 
a -1 
1 + fl' 
•....oI.o..o.....,...s 2.2.8 (lx) 
•........................ 2.2.8 (x) 
So fi'oni values of n' and a, values of b anc c can be found. 
As the hysteresis loop stabilises, the cyclic strain hardening 
exponent approaches the average value of about 1/7 ( O•JJ4) for nearly 
all metals, irr€6pective of initial condition. 
Hence 1 - n'/ 	= 1 - 1/7 / 1 + 1J7 = 4 0 
The! 
21. 
The inonotonic strain hardening exponent has been observd to 
vary between 0.04 and O.S. 
Relations Between Exponents. 
Ta1d.g a and n' to be 1/3 & 1/7 respectively, as representative 
values for all materials. 
1/7 




1 + 1/7 
2.2.9 Correlation Between Fatigue and Other Properties 
Table 2.1 summarises the five fatigue properties defined in 
sectin 2.1.4 and gives an idea of their magnitude and relation to 
other material properties. Table 2.2 shows the different proposals 
made for estimating the fatigue ductility from the monotoriic fracture 
ductility. 
2.2.10 Predictions Based on Plastic and Elastic Strain Implitudes and 
Related to Monotonic Tension Test 
The relation between the plastic strain range and the number of 
cycles to failure according to the Manson-Coff in law is as foflows for 
most materials : - 
i0.6 it 	= I N2 	•.........,,,............... 2o2,10 (i) P 
where D = ductility defined as 
1 D 	IR.A 
R.A = fraction reduction in area in a tensile test. 
The elastic strain range A6 is related to the number of cycles 
to/ 
TABLE 2.1 
Fatigue Properties and Their Approximate Relation 
to Other Materials Properties 
Fatigue 










S , Fatigue strength 
The true strain required 
to cause failure in one 
reversal, taken as the 
intercept of the 
Log 2Nf plot 
at 2Nf = .1 
The log of the fraction 
of a given plastic strain 
amplitude (or range), 
taken as the slope of the 
log Lp versus log 
2NfPlO. 
The true stress required 
to cause fracture in one 
reversal, taken as the 
intercept of the log 
versus log 2Nf plot, at 
2N = 1 
The log of the fraction 
of a given true stress 
amplitude (or range), 
taken as the slope of 
the log cr versus 
log 2Nf pot. 
The alternating stress 
below which failure will 
not be caused, regardless 
of the number of cycles. 
Proportional to the 
true fracture ductility, 
, which can be 
ciculated from the i.e. 
R.A. It is between ç & 
6/2 in maitude and 
ranges between nearly 
zero and +1 for steel. 
Nearly a constant for 
metals between about 
- 0.50 and -0.70 with 
•0.60 as a representative 
avei'age value for all. 
This value is independent 
of composition, hardness, 
test tierature, etc. 
Proportional to the true 
fracture strength O = 
for practical 
purposes. Ranges between 
100 &500 Kal for heat 
treated steels. 
A maximum of about -0.12 
for softened metals - 
decreases to a minimum 
value of about -0.05 
with increasing hardness. 
Generally taken as equal 
approximately to half the 
ultimate strength ult. 
Metals with a yield point 
usually have a fatigue 
limit. 
COurtèsy Reference (ho) 
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TABLE 2.2 
Prapoals Made for Estimating the Fatigue Ductility From the 
Monotoriic Fracture Ductility. 
Author 	 Statement of 
	 Value of 6 f  I from equation 
Proposed Correlation 	= 	()-C 
-0.5 
Coffin and = 	at 	= * cycle € 	= 0.35€ f. 
Tavernelli 
Halford, Morrow 	= 	at 	= cycle € 	= o.S0 
and Martin 
= 1OS f at Nf y&LesE1' = o53. Nanson 
3 
Nanson 	
3 at N = 10 	6= 0.S6€f cycles 
Peterson 	= at Hf = *cYclesf' = 0.SOe f 
Morrow 	 i6p = 	at N. Vz cycle 	= £ 
Courtesy ref. () 
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where 	= the 1tiiáe tensile strength. 
Combining equations 2.2.10 (1)iiid 242 àlO (ii), a relation between 
total strain range A and cyclic life Is obtained, which is similar in 
form to equations 2.2 .b (vii) (page 16 ). 
-0.12 	0.6 	-0.6 
	
... '= 3.5 - 	N 	+ D - 	00002.2.10 ( ii) 
By eliminating the cyclic life between equations 2.2.10 (i) and 
(ii) above, a cyclic stress-plastic strain relation is obtained, 
1.75u 	0.2 	 2.2.10 (iv) .... .I.....••.. 
D°2 p 
This equation indicates that the inortant characteristics of a 
material which determine the cyclic stress-strain state and thus the 
fatigue life are the ultimate tensile strength and the reduction in 
area. 
2.2.11 Determination of Elastic and Plastic tines from Monotonic 
Tension Tests 
The following procedure for the determination of the relations 
between elastic strain range and plastic strain range and fatigue life 
is suggested by nson(28):_ 
The Elastic Line 
a) Atcycle life, the elastic strain range can be estimated 
as approximately 2.5 6r/E,  where 
= fracture stress in the tensile test. 






At a life of 10 cycles, the elastic strain range is 
approdamately 0.9 
( 	 0.90u/E 	 2.20.1 (ii) 
where 	ultimate tensile strength. 
The Plastic Line 
The plastic line will then be deteiined as follows:- 
At a life of 10 cycles, the plastic strain range L 
is approximately, 
A 	*D4 	 2.2.11 (iii) 
where D = ductility = In. 1 - R - A 	R.A being 
reduction in area in tensile test. 
At ld cycles, the plastic strain range is ibimd from the 
relation, 
= 0.0069 - 0.S25 ( 	•... 2.2.11 (iv) 
where (.A G) 	is found from the elastic curve as determined from 
l(1 
(a) and (b) above. 
2.3 ALTERNATIVE F.N FOR FATIGUE CURVE 
........... 2.3. (i) 
2 CT1,' 	•...,........,,....,.........• 2.3. (ii) 
where ( = yield stress and is assumed to be he limiting 
value of the stress where the number of cycles to failure, Nf is 
infinite! 
26. 
infinite = S. 
Using Coffin's eq 	on, 
= 	c 
P Ni- 	
•........................... 2.3. (iii) 
L=L.p +AEe. 
Substituting for &G and L6froin above:- 
	
C, 	+ 2S 
WO 	 Nf E 
•.• 	
= ___ = 
	 _ + 
EC 
.. S = 2 Nf2 + Se 	 2.3 (iv) 
Where =stress axrlitude. 
So this equation gives the relation between the stress aniplitude 
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Fig. 2.1 Stress cycle and strain cycle fatigue curves 
Courtesy ref. (44) 
Stress 
Fig. 2.2 	Cyclic stress-strain behaviour 
Courtesy ref. (44) 
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Fig. 2.3 • Stress-strain hysteresis loops 
Courtesy ref. (26) 
Fig. 2.4 	Schematic diagram of stage 1 & stage.2 
fatigue crack growth. 
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Cycles to fracture 
Fig. 2.5 	S-N Curve for cold rolled miled steel 
Courtesy ref. (26) 
Strain range 	Af 
Fig. 2.6 	Cyclic stress-strain behaviour 












APPARATUS, flS 	TATIOI, 1'EST PROCEDURE 
3]. GENERA 
The apparatus is required to cyclically deflect rolled steel 
joists of I section. The investigation is into the fatigue character- 
istics of these joists. The beams 7 16 1, long were deformed using a four 
point loading bending frame./... The force required to deform these beams 
was supplied by a lOT hydraulic jack under servo-hydraulic control. 
The hydraulic power was taken from the Dowty machine, which is 
composed essentially of three units:- 
Idraulic pumping unit or "Power pack". 
Double acting lOT Jack with integral servo valve (Actuator). 
Control electronics. - 
3.2 HYDRAULIC POWER PACK 
3.2.1 Introduction 
This power pack is a self-contained hydraulic power source of the 
submerged pump type, which consists primarily of a mortar/pump unit 
mounted on a tank, together with the necessary control units and 
instrumentation. 
fluid is stored in the 170)capacity tank. The fluid is cooled as 
it returns to the tank by water cooled heat exchanger. The cooling is 
required since the pump is of a constant output and the extra onerr 
is dissipated as heat. This heat in turn will cause the fluid 
temperature to rise. Hence the cooling is needed to keep the 
temperature down. 
3.2.2. Description 
As in plate 3,1, the motor/pump unit is secured to the tank clover 
and/ 
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and comprises of an electronic motor driving a awash plate type 
hydraulic pump (i'). The output of this pump is micrdnicafly filtered 
as it passes through a high pressure filter ( F ), fluid pressure 
is regulated by a manually operated pressure control valve ( V ), which 
together with an accumulator ( .. ), is mounted on a manifold block 
( B ). The accumulator is for damping any hydraulic pressure surges 
prior to delivery into the system. 
The manifold block ( B ) is internally drilled with fluid passage-
ways and is threaded on its end face to recevo the system pressure and 
return lines and its front face to recéve the input line from the 
filter ( F ) and the return line to the cooler. 
The tank is fitted with a sealed cover, on which is fitted a 
micronic air ±'ilter/breather ( T ). Beside it there is a dial type 
fluid level gauge ( G ). Also fitted to the cover is a float switch 
( S ) that works automatically to cut off the motor should fluid fall 
below the required level. A further safeguard unit in the form of a 
thermostat ( N ) switches off the motor in case the fluid in the tank 
got overheated. A temperature gaug& near the motor measures the fluid 
temperature{ i) 
The starter and cut-out switches for the motor are housed in a 
starter cubicle, which, though is not attached to the power pack, is a 
part of it. 
In order to ensure protection of the system servo valves, a full 
flow micronic filter ( ) is fitted into the pressure delivery line 
and consists of a cylindrical body into which is screwed an end cap sealed 
by an 0 ring. The filter is fitted with a by-pass for the fluid. 
This! 
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This operates when the element has become clogged with contaminates 
and requires chang:lng. 
On turning the hand wheel of the pressure control valve (v) 
fully anti-clockwise, the flow is by-passed to the return line and 
the pressure in the deliery lin is zero. The pressure is progressively 
increased by tu±'ning the wheel clockwise. 
3.2.3 Performance 
FIg. 3.1  shows the hydraulic circuit. Fluid is dran into the 
suction pipe of the pump and delivered through the pressure pipe, a 
filter and a no-return control valve. 	The pressure is indicated on 
an adjacent pressure gauge ( . ). Any preasure in excess of the 
maximum working pressure is returned into the return line by the control 
valve. Return fluid from the system passes through the manifold block 
into the cooler and then into the tank. 
3 . 3 .  
3.3.1. Introduction 
The fatigue actuator (plate 3.2 ) is a double acting actuator 
in which the cycling frequency and the amplitude are governed by Dowty 
Mcg flow control servo valves, monitored and controlled electronically. 
3.3.2 Description 
The body of the actuator is closed at each end by an end fitting and 
is surmounted by a manifold block ( B) by which is attached servo 
valve contained within the body. There is a piston formed integrally 
with the piston rod. 
Individual fluid passageways in the body coincide with a passageway 
in each of the end fittings for the conveyance of fluid to and from the 
operating volumes. The manifold block is formed with two longitudinal 
fluidways which are tapped for pipe connections in opposing faces. The 
cross and vertical passageway-s convey fluid to and from the operating 
valves of the actuator. 
30. 
3.3.3 F\mctioning 
Pressurised fluid enters the manifold block at connection p 
and passes through the flu.idways to the servo-valve. Assuming that 
the electric signal received by the valve directs the fluid throtih 
the cross passageways to its operating volume, the piston will move 
at the desired speed and amplitude. 
The displaced fluid will pass through the vertièal passageways 
and the valve to the return connection. A reversal of the electronic 
signal will cause the valve to direct pressure through the vertical 
passageways. The displaced fluid will then flow through the cross 
passageways to the return connection. 
3.4 ELECTRONIC EQUIPMENT 
3.4.1 General 
The electronic equipment controls the servo valve to admit a 
h1raulic flow to the actuator proportional to the error between 
the input signal and either a load feedback signal or a linear 
displacement signal, thu.s constituting a control feedback loop. 
3.4.2 Description 
The driver amplifier unit consists of a driver amplifier for the 
generation of the drive signal to the servo valve and a transducer 
frequency signal. A counter unit records the number of cycles performed 
in each test. 
Incorporated in the equipment, is a programmer which allows the 
application of static pre-loads, sinusoidal superiosed loads or any 
combination of static and dnamic loads at various frequencies and 
amplitudes. Tests may be programmed up to eight stages. Each stage 
gives a pro-set load pattern. 
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3.5 BDING RIG 
3.5.1 Description 
It consists mainly of two channels, exterior supports across 
which are fixed two sinafler channels. On these channels are attached 
four pufleys, two on each side, through which the movement of the jack 
is governed. 
A loading cross head is attached to the jack: piston and forms a 
part of it during its travel. The load is applied to the specimen on 
two points by means of the cross head. The two supports form the 
other two loading points. The specimen is fixed in position by means 
of the cap - which is bolted to the chains attached to the supporters. 
Rubber pads and wooden packings are used to keep the specimen in 
position when it is well spaced and finally aligned. 
On the two loading points, four specially-made steel blocks are 
used to serre as spacers and to keep the specimen centrally positioned 
during cycling. 
The labelled plate No, 3.3 shows the general arrangement of the 
rig with the specimen in position ready for testing. 
3.6 OTHER INSTRUMENTS 
36.1 §2herometer Dial-Gauge Assembly 
This consists of a dial-gauge (o.000l") and of " travel which is 
fitted to a spherameter and used for measurements of deflection at the 
loaded gauge length of the specimen. 
3.6.2 Chart Recorder 
This equipment facilitates the recording of the load or/and the 
displacement cycling during each test. The variation of the load 
valies / 
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va]nes, under the conditions of constant deformation, due to the 
strain hardening and softening is clearly indicated on the chart. 
Failure is shown by the final drop in the load and also the propogation 
of crack is indicated. 
3.7,1 General 
The bGnding rig used in this investigation is described in seôtion 
3.51 and shown in plate 33. 
After carrying out the necessary checks laid down in the Dowty 
machine manual, the power pack was started and the pressure raised 
gradually to SOO 1b/in 	Selecting the 	switch on the driver 
amplifier to position and OLI carrng out the necessary operations, the 
actuator was brought to mid-position. 
3.7.2 Fixing of Specimen 
The prepared specimen was then placed in position in the bending 
rig, spaced and aligned centrally over the cross head and the supports. 
Then it was tightened firmly by the loading blocks over the two loading 
points • Rubber pads were used, both on top and bottom of the specimen 
and then the cross heads were firmly tightened by screwing the bolts. 
The supports allow vertical movant and ensures that the bean is sirrrply 
supported during each test. 
3.7.3 Preliminary Tests 
A number of preliminary tests were carried out with a view to 
investigating the general behaviour of these beams under the cyclic 
loading. As a result of these tests numerous modifications were 
introduced such as those regarding the pads and the fixing of the 
specimen at the loading points. The steel blocks - as shown in 
plate! 
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plate 3.3 were used in pe of the woq blocks which were 
previously used for the purpose. The pads gave a lot of trouble 
as they were tea±ing off under load and the final màteriàl used was 
rubber belting which was then adopted. It proved satisfactory. 
Another phase of these preliminary tests was the investigation 
of the buckling problem which was observed during cycling. Five 
specimens were subjected to different deformation ranges and the 
stage at which buckling intervened was observed. This is shown in 
Table No. 3.1 • On the light of these tests, it was found necessary 
to solve this problem. The first trial towards this solution was 
fixing of steel blocks just outside the loading points using araldite 
material. But this proved unsatisfactory as the cycling temperature 
during some of the tests caused the araldite to melt and hence loosen 
the steel blocks. The other solution was sought in stiffening the 
specimen using mild steel plates. Two systems of introducing these 
stiffeners were tried one by stiffening the web and the other by 
stiffening the flanges. Both methods proved reasonably satisfactory 
in solving the buckling problem. The system of stiffening the 
flanges was adopted as it was bpth simpler, to prepare the 
stiffening pieces and to weld them. 
3.7 .L Static Bending and Naterial Control Tests 
• 	1. Static Bending Tests 
The same bending rig was used for these tests and specimens 
stiffened on the top flange were used. The central deflection was 
read on a ruler attached to the stationary part of the rig by a 
(-clanip. The D.C. level control on the amplifier was used for 
PRELIMINARY VESTS CARRIED OUT AT FIXED 
STROKES TO CHECK THE STAGE AT WHICH. BUCKLING 
INTERVENED - USLNG 5" x 3" 1. SECTION JOIST - 
DORJtAN LONG STIL 
JACK SPECIMEN SPECfl'IEirr SPECIMEN SPECIMEN SPECIMEN 
STROKE No.1 No.2 No.3 NbJi. N0.5 
(inches) NO. OF NO. 
LE
O NO. OF Nq. OF NO. OF REMARKS 
CYOIES QXS CYCLES CICLES CYCLES 
TO ONSET TO ONSET TO ONSET O ONSET TO ONSET 
OF BUCKLING OF 8UCLING OF BUCKLING OF BUCKLING OF BUCKLING 
1 '10O .1oO 100 
. 
>100 .> 100 Fequency = 10 x 10 2c.p.s. 
during all tests 
Temperature as indicated .1OO 100 -100 100 >.'lOO .4 . . on thermometer attached 
to the oil tank 
10O >!'lOO . 100 > 100 > 100 .35°C. 
100 r1O0 100 >100 >100 
100 >100 100 100 >100 
100 - >- 100 100 100 100. 
. .1JO >100 100 >100 >100 
1 100 >100 100 100 > 100 
i. <100 1C3 -. 	1OO 100 <100 
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appiying the static load. The load applied to obtain a specified 
increment of deflection, was read on the transducer meter. It 
was not possible to deflect the bean up to fracture, as the madunm 
displacement of the jack was 5 inches. 
.2i Material Control Tests 
Tension specimens as showa in fig. 3.2 	were prepared from 
each of the chemical compositions used in this investigation. 
Longitudinal and transverse sections were taken from the specimens 
tested under cyclic straining. 
These specimens were tested on an matron machine. 
3.7.5 Dynamic Calibrations 
Three sets of dynamic ca]ibratioris were carried out. The first 
of these was the calibration of the surface strain range in the central 
zone of the uniform bending moment against the jack stroke using 
5" x 3" joists of Dorman Long steel. At each jack stroke, the central 
deflection was read on the dial-gauge mounted on the spherometer of 7" 
span. The maxiimim displacement necessary for obtaining the maxinnixn 
surface strain range of ?% was 1.41 inches. Using a sheet of plate 
glass as a flat surface, the reading on the dial gauge, placed on it, 
was taken. The spherometer was then placed on top of the specimen 
and the initial reading of surface was taken before cycling began. 
Then the cycling was started at a slow frequency of 0.01 C.P.S. and the 
central curvature taken when the bean was on its upper deflected 
position i.e. at cycle, from these readings at the different 
displacement ranges, the surface strain ranges were calculated, using 
the relation between the surface strain range and the central 
'H 
deflection as established in section I.2.3.2 (page 36). 
The! 
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The second calibration carried was that of the input gain on 
the driver amplifier and the jack displacement range. The frequency 
used was 0.01 c.p.s. The results are shoin in table 3.2 
Then with the input gain at a constant value, the digital load 
on the programmer was calibrated against the displacement range, the 
cycling was continued to 100 cycles for each displacement reading. 
This third calibration was also performed at 0.01 c.p.a. 
A 5" x 3" joist of Dorman Long steel was also used in these last 
two calibrations. Table 30 gives the results of these calibrations 
and figs.3. 2- 3.5 show the relations. 
3.7.6 Fatigue Tests 
1, General 
Having carried out the calibrations necessary, the prepared 
specimen was fitted into position as explained in section 3.7.2. The 
pressure on the power pack was raised gradually to the required 
operating value for each test. The necessary settings for the 
input-gain, the stiffness control, the digital load and the frequency 
of cycling were made before the programmer was started. When the 
cycling was started, the number of cycles were observed on the counter 
of the prograzmier and the peak values of load on the specimen were taken 
at intervals of S cycles during the first stage of the test of about 
500 cycles and then the readings were taken every 50 or 100 cycles 
depending on the type of test0 Towards the end of the test and when 
the peak load values were finally dropping, readings were again 
taken at shorter intervals. 
The fatigue life of the beam was defined as the life of the beam 
at! 
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TABLE 3.2 
CALIBRATION 
INPUT GAIN VS JACK DISPLACENENT RANG 
FREW kCY = 10 x 107 c.p.s. 
DIGITAL LOAD = 999 
NO. OF CYCLES = 30 
STIFFNESS CONTROL READING = 2.5 
MID-POSITION OF JACK = 5111 
INPUT 
GAIN 1.5 3 4.5 5.0 5.,25 5.50 5.75 
DISPLACE- 










0.075 10.0875 10.225 10.425 058 	0.750 0.987 	1.25 (INcHES) 
STRAIN RPINGE 
ER 	 0.08 	0.10 	0.25 0.50 0.75 	1.00 	1.50 	2.00 
// 
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at thQ initiation of a rIc that caused the load to decrease by 10% 
from the maximum value as indicated by the transduàer meter or the 
chart recorder. 
When failure was imminent according to the above criterion, the 
number of cycles to failure were recorded. The test was then 
continued for a further number of cycles in order to propogate the 
crack and make it well defined. In some of the tests, these 
variations were recorded on the chart recorder. 
• 2.Tests at 10 c.p.s. 
With the specimen fixed and the adequate settings made, the 
cycling was started. The number of cycles to failure were taken from 
the electronic counter and the corresponding loads were observed on 
the transducer meter. At some of these tests, the cycling was carried 
out at a slow frequency of 0.01 c.p.a. and measurement for the central 
deflection was taken using the spherometer dial-gauge assmbly. A 
check on the strain range for the test was made against that found 
from the calibration and was found reasonably the same. 
During these tests, there was frequent need for tightening the 
grips and clamping the specimen in position. The specimen, especially 
in loaded gauge length, got heated. In one of the tests, the texierature 
-YLSz was measured by an electronic thermometer and found to be about 70 0C. 
3,, Tests at 0.1 c.p.a. 
The same procedure was used in these tests. Only in some of 
the long tests at low strain ranges, the chart recorder was used for 
monitoring the load and detecting the failure stage as indicated by 
the final drop in the peak value of the load as defined in section 
3 .7.6.1. 
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CHAPTER iv 
BEH1VIOUR OF KELD STEEL JOISTS IN RETERSED BJDING 
4.1 INTRODUCTION 
This invstigation was undertaken under constant strain 
range cycling, governed by the constant deformation range. This 
constant deformation range was provided by the double acting 
actuator described in section 30,1. A maxixmim displacement 
range 1 ]. inches was used, giving a znaxizmnn surface strain range 
of 2. 
The apparatus and instrumentation used were described in 
Chapter 3. The test procedure adopted was outlined in seôtion3o71 
4.2 GENERPL INVESTI3ATION 
4.2.1. K'terisi. 
The material used was mild steel having chemical compositions 
as shown in table 4.1. 
4.2.2 Preparation of Specimens 
Fatigue Specimen. The steel was received in 15 1 -0" 
lengths which were then cut into two lengths of 7 1 -6 11 . Stiffeners 
were prepared from" No S. plates. and welded on top and bottom 
flanges. The dimensions and general arranagement of the specimens 
are shown in fig. 4.1 (a). 
§pcimen for Static Bending Test 
The same length of 7 -6" was used, with M.S. stiffeners 
introduced on top flange. The general arrangement is shown in 
fig. 4.1 (b); the extra two stiffeners to cater for buckling 
resulting from much higher loads during these tests. 
Tensile Test Specimen 
Small 
141. 
SmaU test picies were cut from the far ends of each 
representative tested be&rn of the different materials used in the 
investigation. The specimens were taken from the flange and web 
of each bean. After machining and preparation, their dimensions are 
ab fihen in fig. 14.2. 
14.2.3 Establishment of RelâtionsFlip $etween Surface Strain Range in 
Central Zone of Uniform Bending, Moment and the Central Def].exion of 
the Upper Surface at the Ebctreme Upper Position. 
• 	1. Notation 
Referring to fig. 1443, tie i. 6ilowing notations are used:-
R = Radius of surface. 
S 
2L = gauge length (spheraineter span). 
d = depth of beam. 
c 	central defle:xiin of upper surface. 
surface strain. 
upper surface strain. 
L = lower surface strain. 
	
= surface strain range = 	+ 	r2 
u L U 
2. Establishment of Relation 
Assuming that bending in these tests was circular and referring 
to Zig. 14.3. 
LxL=(2R -) 	= 2 R 
S 	C C 	 80 	C 
R = L 2 	
2. 
20 ...... 14.1, since 	is smafl and 
Sc s 
negligible. 
R middle plane =R - d/2 




CHEMICAL CO4POSITION %  
MATERIAL 
C -. Si Mn S 	P Ni Cr Mo 	Cu 
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TENSILE TEST RESULTS 
SPECINEN YIElD 
Noma 









TENSILE GAUGE s ORIENTATION Cr 




44200 61800 23.5 
45400 45100 
60800 60950 39 30.5 24 
F 44800 61500 22 
T 
w 146000 60800 37.5 
T 





 143300 60500 60150 42 lii 
Z 
29  
F. 41000 59600 39 
w 146500 61800 - 
T 
4- 
F 1471400 70000 39 
L 
w 50000 1.i7900 70800 39 37 L  __________ ___________  26 
1414200 72200 33 
T 
0 W 50000 70000 32 
-- 	-- 	- 
necimen cut from flange. 	W specimen cut from web. 	L = LongitudlflaJ.. 
Substituting for R from 4.1, 
2 S 	2 
2 	 c 
is small compared to L, 	L ? 1 




Thus the surface strain is a function of the geometry of the 
section. 
In upper position of the jack, E 	= U 
1 
2 L - 1 
In lower position of the jack, E C 
• 	 L 2 




- 1 + 	




= 2 	r L  
. 	. •1 
since(L 
0d1 
. e 	= 	---•. 	' 	.......,...........,.,.... 
L 
u.S 	(c,f.lj..3). 
- .3. 	Application to Specimen Size 5" x 3" I-Section. 
For the speciinen of size 5" x- 3" and for the spherometer 










- 12.25 C 
e.g. for = 2%, cc = 0.149 inches. 
Checldng for the approxünation in equation 1.3, 
For surface strain of 2%, 
L2 	= 	352 	12.25 50. 
•i 0.O49 x 5 - 0.9 x 5 
C. 
Actually 50 1 
.. upper surface strain in tension is underestimated by 2% 
and upper. surface stoin in compression is overestimated by 2%. 
• •. strain range =U +L - 2 	, since the difference between 
the strains in the two peaks is small. 
•. The strain is snnmetrica1 about zero and thus the strain 
range is calculated in each case by finding the strain for the upper 
surface when the bean was in its upper stroke i.e. only the upper 
surface strain in tension was Oalculated in each case. 
4.3 EXPERINTAL RESULTS 
4.3.1 Tensile Tests and Static Bending Tests 
The results of the tensile tests are tabulated in table 4.2. 
Those of the static bending tests are showa as load dof1ecLon 
curves' in fiGures 4.15 and 4.,16. 
14.3.2. Fatigue Tests 
For brevity a summary of the fatigue tests is shown in table 
14.3. 
TABLE 14.3 	SWMARY OF FATIGUE RESULTS 
PECIMEN  
NO. FREQUE1CY FREQU1CY SPECINEN FREQUENCY 











1709 	5.70 - - C1 551 5.60 







1 0.71 r' j 
B3 1697 1440 
7620 	14.0 c14 106814 3.20 
o. 	lo.5S 
B14 3300 W40 S 
4 S 2986O, 	2.140 Cr 31369* 2.80 *Failure took place near weld and outside the 
0.50 	0.30 
B.. 6780 2.80 
uniform bending moment 
zone. 
• LA 66551* C 71900 1,140 *These loads are the loads 
0.25 	0.05 B 6 97180 * 
wh 	the high strain range 
were applied 
460 
The different relations between the different parameters 
are showa in figs. 4.5 - 
4J4. ANALYTICAL RESULTS 
4.4.1 Calculation of Fatigue Life from Tensile Tests 
Reduction of Results. 
Using equation 2.2.10 (ii) and the tensile test results, 
fatigue life was calculated as follows for the different strain 
rangese 
from the elongation the reduction of area was donuted using 
the relation:- 
	
1 = lO-R.A, 	
whee 1 is unit elongation. 
and R.A. is the reduction of area at fracture. 




Substituting the values of D obtained for each of the steels 
used said their ultimate tensile strengthcr into equation 2.2.10 (ii) 
the fatigue lives were calculated for the different strain ranges 
of the investigation. 
Also using equation 2.2.10 (iv) a theoretical relation between 
the stress range and the plastic strain range was obtained. 
presentation of Results. 
The fatigue lives as calculated from the results of the tensile 
test are shown in table 4.4 and plotted in fig. 1.13. Also the 
stress-strain relation is plotted in fig. 4.14. 
l .l .2/ 
1 BLF ). .11. F"TIGUE LIVES AND STRESS ALITUDES 
USThG EQUAICNS 2.2.10(iii) AND 2.2.10(iv) 	 USING COFFIN-MfNSON 
AND TNStLE TEST RESULTS 	 I RELATION OF EQUATION 2 • 2 .).j. (ii) 
DORMAN OLVILLES 
DOE1J1 LONG STEEL COLVILLES STEEL LONG STEEL 
TOTAL 	PLASTIC FATIGUE STRESS FATIGUE STRESS FATIGUE FATIGUE 
STRAIN I STRAIN LIFE PJ'IPLITUDE LIFE ANPLITUDE LIFE LIFE 
RANGE 	RANGE N.cie1es psi Nf psi NfcYc].es Nfoycles 
Cycles 	. 
2 	1.76 363 285075 1714 299000 92 73 
1 	0.71 L58 136875 .631 1142125 576 14141 
0.75 	0.55 2291 112575 1203 118125 961 729 
'I. 
0.50 	1 0.30 1 	57514 75075 14169 
. 
60125 3204 2500 
0.25 0.05 	57600 37575 39800 . 42625 115600 90000 
148. 
14J4.2 Coffin-Nanson Empirical Relation 
Using the Coffin-Nanson relation between the plastic strain 
range and fatigue life 
LS. N f = C. 
and taking C asfracture ductility as found from the tensile 
test; the fatigue lives for the different strain ranges were 
calculated and are ehcvn in table 4.14. 
1 
4 	A • - 2 
or Nf = (* 
14,5 CONP.ARISON OF Ts.j F JPER MENTAL PND THE fNALYTICAL RESULTS 
The experimental and the analytical results are plotted 
together in fig1 I1l3. 
L 	-I- '-' 	-1 
IIJI.....-I-..JIII 
I!III_IIJJ 
I 76 I 
L 7 1 7171661717'7I 










	 End view. 
(a) Fatigue Specimen. 
Fig. 4.1 	(b) Static Bending Specimen. 	
Note:- all dimensions in inches. 
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Transverse flange. 	 Note:.all dimensions in inches. 
Transverse web, longitudinal flange and web. 
Fig. 4.2 	Tensile Test Specimens 
10 
Fig. 4.3 	Beam in deflected form 
2'- 6" 	 10 	I 2- 6" 	I 
I 	 6.0 	 'I 
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No. of cycles to failure Nf 
Fig. 4.5 	Central defleciion range vs No. of cycles to failure 











No. of cycles to failure Nt 
Total strain range vs fatigue life (semi log plot) 



















No. of cycles to failure Nf 
Fig. 4.7 	Plastic strain range vs No. of cycles to failure 
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10 No. of cycles to failure Nf 
Fig. 4.8 	Total strain range vs fatigue life 
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No. of cycles to failure Nf 
Fig. 4.9 	Total strain range vs fatigue life 
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No. of cycles to failure Ni 
Fig. 4.10 	Plastic strain range vs fatigue life 











No. of cycles to failure Nf 
Fig. 4.11 	Stress amplitude vs fatigue life. 
For different materials 
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Fig.4.12a Load range vs No. of cycles to failure. 
For Dorman Long 









No. of cycles. 
Fig.4.12b 	Load range vs No. of cycles. 
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No. of cycles to failure Nt 
Fig. 4.13 
	
	Total strain range vs No. of cycles to failure Nt 
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Plastic strain range Enp 	 Total strain range Er 
Fig. 4.14 	Stress-strain relation for different materials' 
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Deflection (inches) 
Fig. 4.15 Load-deflection curve. 
Static bending test for Dorman Long Steel 
1 	14 	2 	24 	3 
Deflection (inches) 
Fig. 4.16 	Load deflection curve 























MATERIAL - DORMAN IA)NG STEEL 
SURFACE STRAIN RANGE - 2 
PRF1tThNCY - 1 HZ 	 PLATE 4.1 
SPECIMEN A3 
MATERIAL - DORMAN LONG STEEL 
JRFACE S1tA1N RANGE - 1% 
FREQ1JCY - 1 HZ 	 PLATE L • 2 
/ 
SPECIMJ 
MATERIAL - DCP.MAN LCG STEEL 
SuRFACE STRAIN RANGE - 0.75 
FREQUCY - 1HZ 	 PLATE 4.3 
I 
SPECINEN A5 
MATERIAL - DORMAN LONG STEEL 
JRFACE STRAIN RANGE - 





NATERIAL - DRMAN ILG STEEL 
SURFACE STRAIN RANCE - 0.25 






MATERIAL - DORMAN LCWG STEEL 
SURFACE STPAIN RMIGE - 1 
FREQjJy - 0.1 HZ. 	 PLPLTE1.6 
9 
SPECIM2N B14 
MkTEIPL - DORMPIN L!G STEEL 
JRFACE STRAIN RANGE - 0.75% 




N&1TERIAL - DRXN LIG STEEL 
SURFACE STRAIN RANGE - 0.50 
EQUCY - 0.1 HZ. 	 PLLTE 4.8 
-b,- 
SPECIM C3 
MATERLL - COLVILLES STEEL 
JRFACE STRAIN RMIGE - 1% 
FREQUThCY - 1 HZ 	 PlATE 4.1O 
F 
SPECIMEN C14 
MATERIAL - COLVILLES STEEL 
SURFACE STRAIN RANGE - O.75 
flEQtTh2ICY - 1 HZ 	 PLATE 14.11 
IE, .TJ 
S 4,-- : 
SPECB4N C5 
MATERIAL - COLVILLES STEEL 
SURFACE STRAIN RANGE - 0.50 
FREQUCY - 1 HZ. 	 PLATE 4.12 
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SPECIMEN WITH NO STIFFING PLATES 
MATERIAL - DMAN IG 
SURFACE STRAIN RANGE - 
FEQUE2CY - 1 HZ PLATE I.Th 
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CHAPTER V 
DISCUSSION OF RESULTS AND CONCLUSIONS 
5.1 GERERAL BEHAVIOUR 
The general fatigu.e behaviour of the iiiiild steel joists under 
investigation may be explained on the basis of the following factors:- 
The phenomenon of the strain hardening and softening during 
cycling. 
The teuerature rise of the specimen during the high strain/ 
high frequency tests. 
The lateral buckling of the specimen and its effect on the 
general stability of the bending rig. 
5.1.1 The Strain Hardening and Softening 
During cycling there were variations in peak values of the load. At 
the begining of the high strain range tests, the load increased,ii1ying 
strain hardening and towards the end of the test the load decreased due to 
the formation of a crack after which failure took place. For a number 
of cycles in between, the load was constant showing that the hardening 
was at its saturation level. 
At the low strain ranges, the load was almost constant up to the end 
of the test when It finally dropped and failure occurred. 
The plot of the load range versus cycles to failure indicate hardening 
during the tests. The deviation of some of the points from this behaviour 
Is an indication of machine scatter which is a characteristic of this 
particular hydraulic machine. 
5.1.2/ 
50. 
5.1.2 Tenerature Kffect 
It was observed that there was a rise in temperatu1-c ti ,,ping the 
rise 
high strain range tests of 2% and 1%. The temoeratur) of the 
approximately 
specimen at the length between the loads wasA70'6. This rise in 
temperature, as explained br previous investigators (19,22), 
results in the preciptàtion Of cáibides and the diffusion of 
carbon atoms to the dislocatIons. The combination of the carbon 
atoms with iron atoms in fomning these carbrides will lessen the 
number of the free carbon atoms and hence results in weakening of 
the material. 
5.1.3 Lateral Buckling 
The effect of lateral buckling leads to the misalignment of 
the beam, resulting in the shift of mean stress to tensile level. 
As this would mean that the accumulation of damage during the tensile 
stroke will be greater, it is liable to lead to anearly failure by 
buckling rather than by fatigue. 
5.2 ENDURANCE CHARACTERISTICS 
5.2.1 General 
As indicated in fig. 4.7, the fatigue relations for the types 
of steel used, show the saine'trend of the dependence on the plastic 
strain range. The results give a relation OIé ]I .N f.
.
= C. which is 
similar in form to the Coffin-M&ison relation. 
The value of C in this case varies from 0.16 to 0,72. The 
value of C for the smallest total strain range of 0.25% is 0.24,. 
which is attributed to the smaller number of cycles to failure which 
took/ 
5'. 
took place near the weld. 
C for the CoffinIvIanson relation varies from 0.6 to 2.0. 
The value of 	(the slope of the line in fig. 14.) is 0.55 
bL6 compared to the value of 0.6 found by Royles (15), who related 
the behaviour of the stx'uctu±l cdmponens to that of the samfl 
specimens used in his investigation. The higher values of fatigue 
lives obtained in this investigation may be related to the present 
test conditions where a number of factors can influence the results. 
Among these factors are the surface condition of the specimens which 
were tested in the 'as received' condition, and the size of the 
section used. Also the type of the steel used might be in different 
condition as far as grain size and amount of rolling are concerned, 
from that used by Royles (15), even though it is of nearly the same 
nominal chemical composition. 
- 	 As seen from fig. L, the plot of the plastic strain range 
versus fatigue life is approximately a straight line. The departure 
of the point at the low strain range of 0.25% from the straight line 
is due to failure taking place near the weld prematurely. The 
welding of the stiff eners resulted in stress raisers and a heat 
effected zone locally in the specimen, and oreteda weak region. 
As the difference btween the deflection amplitude in this region 
and that in the central portion of the beam is small, failure might 
be expected to take place at the weak region. 
Comparing the two materials tested, it was observed that the 
plot of the plastic strain range versus fatigue life for both of 
them gave nearly the same slope. This shows that the relation of 
c N •  c 
52. 
• = C does not depend on the material and only depends on 
the magnitude of the plastic strain range • This finding was 
also supported by the work of Low (13) who carried out fatigue 
tests on a number of materials inbluding mild steel and put 
forward the following con&Lusion:- 
Qiote "For the Live widely differing materials tested, with 
tensile strength varying from 21 to 57 tons per square inch, but 
all with good ductility, fatigue life, in reversed bending was found 




0.4% and - 
As shown by him, the plot of total strain range versus fatigue 
life is a straight line on log-log scale between these limits. 
The deviation of the points at the low strain range of 0.25% 
can be attributed to the fact that the elastic component is pre-
dominant and hence these points are not expected to lie on the 
straight line, even if failure did not occur near the welds. 
The plot of the total strain range versus fatigue life on 
semi log plot is a smooth curve over the whole range of the strains 
considered. 
The comparison of the fatigue lives as obtained from the tests 
and those found from the predictive method using the tensile test 
results, reveal that there was a considerable difference between 
the two results. The fatigue lives obtained from this predictive 
method are smafler than those found from the fatigue tests at the 
high strain ranges. At these high strain ranges, the plastic 
component is predominant and hence life is dependent on it. At 
the! 
53. 
At the low strain ranges, the elastic strain component is 
sig2ificant and as there is the possibility of a fatigue 
limit at these strain levels, it is feasible that the predictive 
method would give high values, since it does not allow for this 
limit. 
The author is therefore of the view that there could not be 
expected to find good correlation between the two results, especially 
in this case where full scale sections are used rather than models. 
R.rther the correlation cannot be adequate unless the test con-
ditions in both types of test are the same. 
5.3 EFFECT OF FREQUENCY 
As seen from fig. 4.8, the fatigue lives are sho±'ter at the 
lower frequency with the effect being more pronounced at low strain 
ranges; this being due to the rise in temperature of the specimen 
at the high strain ranges and at the high frequency. This reduces 
the life at the high frequncy and results in decrease of the difference 
between the fatigue lives in the two cases. 
If the temperature of the specimen was kept constant at the 
same level at all strain ranges, the effect would have been as 
distinct at the high strain ranges as it was at the low strain ranges .(2 
This effect .pf frequency can be explained as foflows:- 
At the higher frequncy, the cyclic deformation would not have 
enough time for causing damage to the specimen, whereas at the low 




Reference (26) explains this as follows: - 
Quote "In fact, the frequncy of the stress cycles does play 
a part in fatigue tests. When the applied stress range is fairly 
large, and emission of heat occurs by reason of mechanical hysteresis, 
fracture may occur more rapidly (i.e. less number of cycles to 
failure) as the frequncy of the stress cycles is increased, because 
the rate of absorption of energy increases and the heat emitted can 
no longer be dissipated by radiation and convention in the surrounding 
air without a considerable rise in temperature of the specimen". 
P1nother possible explanation may lie in the movement of 
dislocations of the carbôñ atoms which would have more time for their 
movement at the lower freqieucy. 
The dislocation loops produced by cyclic stress could be inter-
preted as an indication of the presence of a large number of vacancies. 
Their presence would be in accordance with the occurance of several 
metallurgical changes under fatigue stress ( 16, 24, 26). 
Royles (15) put forward the following explanation. 
Quote "If the axial extension is a time-dependent phenomenon, 
then it is possible that for the same nominal bending strain range 
the amount of permanent deformation per cycle was less at the higher 
frequency than at the lower ones, in cases where there was tendency 
for axial strain to develop". 
"In conjunction with the tests at 100 c.p.m, a significant 
temperature rise was observed, sufficient to cause some embrittleinent 




(4) Reference (20) gives the foflowing reasoning:- 
Quote "At a given total stress or strain range, increasing the 
strain rate by raising the vibration frequricy causes a decrease in 
the plastic strain range, and would therefore be expected to increase 
the endurance", 
() Forrest (26) explains it as follows:- 
Qu.ote "In general, there is a slight decrease in the fatigue 
strength with decrease in the frequency. There are two factors 
which may contribute to this behaviour. Firstly, the endurance 
may be related to the amount of plastic deformation which occurs 
during a cycle of stress; at high frequencies there is less time 
during each stress cycle for deformation to occur, so that the 
resultant damage may be less. 
This effect is more important at high temperature. Secondly, 
the corrosive effect of the atmosphere is Imown to reduce the 
fatigue strength of some materials and a bigger reduction would be 
expected at low frequencies. fnother factor which may influence the 
frequency effect is the rise in temperature of the material from 
hysteresis or internal damping; this will increase with increase of 
the frequency". 
Also Forrest (26) put forward the foUowing:- 
Quote "However, this usual speed effect is reversed for mild 
steel at temperatures between 200 and 300 0c. In this temperature 
range, the fatigue strength is considerably greater at lOc/minute 
than at 200c/miriute. It is thought that this behaviour is caused 
by strain ageing". 
However! 
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However, in the present work, the maximum temperature was only 
70°c, which justifies that the fatigue lives were shorter at the 
low frequency and that the temperature was not high enough to bring 
about the reversed effect as mentioned a)áre by Forrest. But it was 
quite evident that the rise in temperature at the high strain tests 
did have an effect in bridging the gap between the reaults of the 
two frequncies. At low strain ranges, where the temperature was 
low, the effect was appreciable. This behaviour might be expected, 
since at low temperatures, deformation occurs • almost immediately a 
stress is applied, whereas at very high temperatures (400°/500c) 
deformation continues under stress. 
'It was suggested by Forrest (26) that the increase in fatigue 
strength reported for the increased frequencies of stressing, might 
be directly related to, and represent further evidence of, the time-
delay effects in yielding of metals. 
This might be due to localised heating and softening of specimen 
at these higher frequencies. 
As far as the results of the present work are concerned, there 
was a definite frequency effect the fatigue lives at the lower 
frequency of 0.1 c.p.s. being smaller than those at 1 c.p.s. The 
difference between the two cases being more distinct at the low 
strain ranges than at the high strain ranges • The rise in temperature 
at the high frequency resulted in reduction of the fatigue life as 
explained before. 
As seen from the results in table 4.3, the difference is most 
pronounced! 
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pronounced at the low strain ranges • At the lowest strain ranges 
of 0.25, where failure took place near the weld in both tests, it 
could stifl be expected that the sane effect would be had the beams 
failed in the correct region where the bending moment is maximum and 
the deflection azlitude is largest a 
5.4 EFFECT OF CHEMICAL CONPOSITION 
As indicated in table 1.3 and fig. 43, there is an increase in 
fatigue lives of the Colvilles Steel containing a higher percentage 
of carbon. 
As it can be seen from the results, there was little difference 
between endurances of the two steels at the total strain range of 1% 
(Nf = 4240 cycles for Dorman Long Steel and Nf = 4273 cycles for 
Colvilles Steel) whereas there was a marked difference between the 
two in the lower strain ranges. 
This behaviour at high strain ranges might be attributed to the 
rise in temperature, the effect of which was more in reducing the 
life of the Colvilles steel with a higher percentage of carbon. As 
the carbon atoms are greater in the Colvilles steel, the vacancies 
created by their diffusion to the dislocations would be more. Also 
the preciptation of carbrides is also more in the case of Colvifles 
steel. 
The lowest fatigue life of 551 cycles for the Colvilles steel at 
the total strain range of 2% is an exception and warrants a special 
explanation. 
It might be due to either of the following:- 
1). The specimen might have had some inherent defects such as 
non-metallic! 
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non-metil 110 inclusions. 
2). The specimen might have failed by buckling, since it was 
tested before introducing the stiffening plates. 
The author is inclined to attribute this behaviour to a possible 
defect in the specimen. 
CONCLUSIONS 
On the basis of the results obtained from the present work and 
with reference to fatigue studies reported, the following conclusions 
seem justified:- 
The general fatigue behaviour of the rolled steel joists 
tested in reversed bending appear to follow a relation of the form 
c • N '= C, with the value of approximately equal to 0.55 and of c. 
varying from 0.46 to 0.72. 
This relation was found to be of the same form for both types 
of steel tested, indicating that the relationship fits a range of 
materials. 
There was also hardening during the tests with the phenomenon 
tending to disappear at the low strain range. 
There was a definite frequency effect on the fatigue life, 
with the life being less at the lower frequency of 0.1 c.p.a. than 
that at the higher frequency of 1 c.ps. 
Regarding the effect of the chemical composition on the 
fatigue life, it was found that the fatigue 1ivesw'e greater for the 
steel withincreased carbon content i.e. more fatigae.resitancefcr'..in- 
ci'eased carbon content, although it is generally accepted that materials 
with different tensile strengths and having the same ductility, 
if! 
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if tested under the same conditions of high strain cycling, will 
tend to behave similarly in resisting fatigue failure. 
FUTURE WORK 
The following areas of further reèearch are recommendad:- 
Effect of long rest periods on fatigue life. 
Effect of staticpi'e-loading on fatigue life under the 
different strain rahges, 
(iil)Effect of multiträin ranges on fatigue life. 
(iv) Prograznmed loading random loading effects. 
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